Abstract. Streptomycin induces breakdown of the completed 70S initiation complex on ribosomes of Escherichia coli, but it does not interfere with any step in the formation of the complex. Moreover, it does not appear to interact with the ribosome in any special way during initiation, since the kinetics of breakdown are the same whether streptomycin is added before formation of the initiation complex, or after its completion, or (as previously observed) after formation of a polypeptide. fMet-tRNA is released as such, without chain elongation; it is released from a puromycin-reactive ("P") site. Streptomycin thus appears to distort not only the A site of the ribosome (as suggested earlier) but also the P site.
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In the translation of poly U by extracts of E. coli streptomycin (Str) causes extensive misreading, which implies distortion of the recognition region of the A site; but the response is quite different from that in the cell since even high concentrations of the antibiotic cause only partial inhibition (reviewed in ref. 1) .
In a more physiological in vitro system, however, employing viral RNA as messenger, the inhibition is almost as complete as in cells2-4. This effect is immediate, and it fixes the nascent polypeptide chain in the puromycin-reactive (P) site5'6. Moreover, the blocked messenger-ribosome-peptidyl-tRNA complex then breaks down slowly; and since this action of Str is prevented by known inhibitors of peptidyl group transfer' it appears to require this transfer, or attempted transfer, from the P to the A site. These findings suggested that the distortion of the A site by Str impairs its effective binding of both aminoacyltRNA and peptidyl-tRNA.
This interpretation implies that the blocked polypeptide is released as peptidyltRNA, after adding an amino acid residue in the presence of Str; but this inference could not be verified because of the rapid hydrolysis of free peptidyltRNA in E. coli extracts7'8. However, the initial stage of peptidyl-tRNA, fMet-tRNA, resists such hydrolysis9. Moreover, Str might conceivably interact with the ribosome in a special way during initiation, even though its action is clearly not restricted, as has been suggested4, to that stage in the ribosome cycle.
We have therefore examined the action of Str on initiation. The results show that Str does not interfere with formation of the initiation complex; but it does cause slow breakdown of the completed complex, with the release of the fMet-tRNA as such, from the P site. This release without chain extension suggests that the distorting effect of Str on the ribosome is not restricted to the A site but extends to the P site.
Materials and Methods. Extracts were prepared from E. coli MRE600 as described'. Ribosomes were pelleted from S-30 extracts, washed once in cold standard buffer (10 mM Tris -HCl (pH 7.7)-60 mM NH4C1-10 mM Mg (acetate)2-6 mM 2-mercaptoethanol), and washed in 1 M NH4Cl according to the procedure of Ohta et al.'0. To prepare subunits, these washed ribosomes were dialyzed for 4 hr against standard buffer containing 0.3 mM Mg (acetate)2, and the 30S and 50S subunits were then separated by sucrose density centrifugation and separately pelleted. The 50S preparations contained about 5% 30S subunits, while the 30S preparations were essentially pure. The ribosomes and the subunits were stored at 0°C in standard buffer containing 10% glycerol, with 1 mM dithiothreitol instead of the mercaptoethanol. The 30S subunits were activated immediately before use by heating'3.
A mixture of initiation factors was obtained from the first NH4Cl wash of the ribosomes by (NH4)2S04 precipitation'0; when used with ribosomal subunits it was first purified of contaminating ribosomes by passage through a Sephadex G-25 column and a DEAEcellulose column, both equilibrated with a solution containing 250 mM NH4C1-50 mM 6 mM Mg(acetate)2 (except 10 mM for 30S subunits with AUG), 6 mM mercaptoethanol, 0.4 mM GTP (or GMPPCP where specified), 0.35 to 1.0 mg/ml initiation factors, 20 ug/ml Str or 80-110 ,ug/ml puromycin, and fMet-tRNA, messenger (0.9 mg/ml R17-RNA or 0.25 mg/ml AUG or poly AUG), and ribosomes as specified. Binding was measured after incubation at 33°C for either 5 or 10 min, with correction for the values obtained in parallel mixtures without messenger.
AUG and random poly AUG were obtained from Miles Laboratories; a second batch of AUG was a gift of Dr. John Hershey. Phage R17-RNA was prepared as described5. Met-Met from Cyclo Chemical Corp. was formylated according to Sheehan and Yang14. ['4C]methionine ( incubation in the presence of GTP and initiation factors. The results were similar whether the messenger was phage RNA, poly AUG, or AUG. This inhibition could be due to interference with either the formation or the stability of the initiation complex. Lack of effect ot binding to 30S subunits: We examined the effect of Str on the binding of fMet-tRNA by 30S subunits. The inhibition observed was weak (Table 2) and not consistent: with AUG, and with different preparations of ribosomes and initiation factors, the response to Str varied between 30%0 inhibition and 15% stimulation (see Table 3 ); and with poly AUG (which yielded Breakdown on conversion of a 30S to a 70S complex, formed with poly AUG: Since Str inhibits formation of a stable complex with 70S particles but not with 30S subunits, the effect of adding 50S subunits to the 30S complex was studied. As Fig. 1 shows, when Str was present during formation of the 30S complex (with poly AUG), or was added following its completion, the addition of 50S subunits to the mixture led to loss of bound fMet-tRNA. Moreover, the use of puromycin, which acts on 70S but not on 30S particles, showed that the rate of attachment of the 50S subunit was not the limiting factor in the release by Str: puromycin, added along with the 50S subunits, caused much faster release than Str (Fig. 1) . Finally, the rapid release by puromycin was not altered by Str, whether added before (Table 3) or after (see Fig. 2 then was passed through a Sepharose 4B column (10 X 0.6 cm) equilibrated with 100 mM NH4Cl-50 mM Tris HCl (pH 7.7)-6 mM Mg(acetate)r-6 mM 2-mercaptoethanol. The ribosomes, partly complexed with fMet-tRNA, were collected as the unretarded peak (0.7 ml), and portions were incubated for 3 min with or without Str, and with 1.9 mg/ml of ribosomes (which was found to decrease the appreciable spontaneous breakdown of the initiation complex occurring in this dilute solution). Exposure to Str was brief in order to minimize degradation of the released product.
The released radioactivity was separated from the ribosomes by filtration through a nitrocellulose membrane, and part of the filtrate was made alkaline with KOH and incubated for 30 min at 370C.
Both treated and untreated filtrate were added to cold TCA (5%) plus carrier tRNA, to precipitate the fMet still attached to tRNA, and the precipitates and filtrates were collected and their radioactivity was measured. The results were calculated as cpm per 100 ,1 of the collected Sepharose peak,
with the values for the TCA precipitates corrected for quenching and self-absorption. TCA: Trichloroacetic acid.
50S subunits without Str stimulated binding, and so the measurement of release by addition of 50S subunits in the presence of Str was unsatisfactory.) Str slowly released labeled fMet from the AUG complex (Fig. 2) , just as from control complexes formed with R17-RNA or with poly AUG. This result suggests that the fMet is released without chain elongation. teinized, and analyzed by paper electrophoresis as described by Ghosh and Khoranal". Electrophoresis buffers were (by volume): H20, B Met, 189-pyridine, 1-and either formic acid, 10 (pH fMet fMetMet MetMet 2.5 buffer, panel A) or acetic acid, 10 (pH 3. 5 6 buffer, panel B). The paper strips were cut and C A pH 3.5 radioactivity was determined by liquid scintilla- Nature of the compound released by Str: To characterize the released product, it was prepared from a 70S complex (with AUG and f-[3H ]Met-tRNA) that had been separated from uncomplexed radioactivity before incubation with Str. As Table 5 shows, the radioactivity released by Str was almost entirely insoluble in cold trichloroacetic acid, and it was rendered soluble by incubation with KOH. The released [3H ]Met was evidently still attached to tRNA.
To test whether or not chain extension preceded release the product was subjected to mild alkaline hydrolysis, followed by electrophoretic analysis with Met, fMet, Met-Met, and fMet-Met as standards. (The dipeptides were added at the start of the incubation with Str, to check on the survival of any Met dipeptide that might be released.) As Fig. 3 shows, the Met and fMet spots were radioactive, but those of Met-Met and fMet-Met were not. Hence, the fMettRNA was evidently released without chain extension.
Discussion. Str prevented 70S ribosomes of E. coli from forming a stable initiation complex, whether with phage R17-RNA (as has been observed)4" poly AUG, or AUG trinucleotide as messenger. However, when the effect on specific stages of initiation was tested, Str was found not to inhibit the binding of fMet-tRNA to the 30S subunit (in the presence of initiation factors), the subsequent joining of the 50S subunit, or the location of the fMet-tRNA in a puromycin-reactive (P) site. Rather, in the presence of Str the addition of 50S subunits caused slow release of the fMet bound in 30S complexes. Similar effects of Str have been independently observed by J. C. Lelong and F. Gros (personal communication). We conclude that Str interferes with the stability and not with the formation of the 70S initiation complex. If, alternatively, the net breakdown of the complex was spontaneous, and Str simply prevented reinitiation, a similar effect might be expected with other ribosomal inhibitors: but several inhibitors failed to induce breakdown of polysomes', and when one of them (tetracycline) was tested with the AUG system it prevented detectable formation of a 70S initiation complex but failed to induce breakdown of the completed complex (unpublished observations). Str did not cause breakdown when GTP was replaced by GMPPCP (Table 4) , which prevents the complex from reaching the puromycin-reactive stage. Moreover, the rate of breakdown was essentially the same whether Str was added before (Fig. 1) or after (Fig. 2) formation of the 70S complex. It thus appears that the antibiotic does not unstabilize the 70S initiation complex until after the fMet-tRNA has reached the P site.
Initiation complexes are formed from free ribosomes much faster than they are broken down by Str (Figs. 1, 2) (Figs. 1, 2) as for polysomal ribosomes6. Moreover, the similarity between the 70S ribosomes released from polysomes by Str in extracts and those accumulated in Str-killed cells is emphasized by the finding (B. J. Wallace and B. D. Davis, unpublished) that both classes are dissociated by the ribosome-dissociation factor and by 50 mM Na+, which act on runoff ribosomes but not on ribosomes carrying mRNA and peptidyltRNA22, 23 We have tentatively identified the Met-containing compound released from initiation complexes as fMet-tRNA: it is precipitable by cold trichloroacetic acid, and mild alkaline hydrolysis yields fMet and Met, but no dipeptide (Table  5 ; Fig. 3 ). This finding supports our earlier suggestion6 that Str releases nascent polypeptide from polysomes as peptidyl-tRNA; but it does not support our additional inference that this release, which was blocked by inhibitors of peptidyl transfer, requires transfer in the presence of Str6. However, release of peptidyltRNA, unlike fMet-tRNA, might conceivably still require peptidyl transfer from the P to the A site, since the latter is probably distorted more severely by Str, and since peptidyl-tRNA might be bound more tightly than fMet-tRNA and thus require more distortion for its release. The effect of inhibitors of peptidyl transfer on the release of fMet-tRNA by Str is under investigation.
In the light of the demonstrated release of fMet-tRNA from the P site it is necessary to modify the prevailing model for the locus of action of Str on the ribosome. This locus, long identified with the codon-anticodon recognition region, has recently been extended to an additional part of the A site by the observation that Str affects missense suppression (i.e., the choice between two tRNAs with the same anticodon)24. The present observations suggest that the distortion of the ribosome by Str extends even further, to include the puromycin-reactive site of binding of fMet-tRNA.
